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Abstract

Purpose of review—This study aims to discuss possible reasons why research to date has not
forged direct links between light at night, acute melatonin suppression or circadian disruption, and
risks for disease.

Recent Findings—Data suggest that irregular light—-dark patterns or light exposures at the
wrong circadian time can lead to circadian disruption and disease risks. However, there remains an
urgent need to: (1) specify light stimulus in terms of circadian rather than visual response; (2)
when translating research from animals to humans, consider species-specific spectral and absolute
sensitivities to light; (3) relate the characteristics of photometric measurement of light at night to
the operational characteristics of the circadian system; and (4) examine how humans may be
experiencing too little daytime light, not just too much light at night.

Summary—To understand the health effects of light-induced circadian disruption, we need to
measure and control light stimulus during the day and at night.
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Introduction

Circadian rhythms in humans

Earth’s axial rotation results in exposure of all the planet’s creatures to 24-hour cycles of
light and dark. Living organisms have adapted to this daily rotation by developing biological
rhythms that have evolved as self-sustaining oscillations with their own unique sets of
species-specific characteristics, including amplitude, phase, and period. Included among
these self-sustaining oscillations are circadian rhythms, which repeat themselves at a period
of approximately 24 hours.(1)

Circadian rhythms are generated endogenously, and are aligned with the environment by
exogenous factors. It is widely known that, in mammals, circadian rhythms are regulated by
an internal biological clock located in the suprachiasmatic nuclei (SCN) contained within
the hypothalamus region of the brain.(2) The SCN are self-sustaining oscillators that
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maintain their daily activities for weeks when isolated and cultured. The SCN in humans
have a free-running period that is slightly greater than 24 hours. Environmental cues can
reset and synchronize the SCN daily, thereby ensuring that the organism’s behavioral and
physiological rhythms are in synchrony with the daily rhythms in its environment.
Information about the light—dark cycle, which is the main synchronizer of the SCN to the
solar day, is received by the eyes’ photoreceptors and reaches the SCN via the
retinohypothalamic tract (RHT). (3)

The three classes of photoreceptors in the retina (i.e., rods, cones, and intrinsically
photosensitive retinal ganglion cells [ipRGCs]) participate in circadian phototransduction,
which is the process used by the retina to convert light signals into electrical signals for the
circadian system. In the 1980s, Ebihara and Tsuji showed that circadian entrainment was
achieved in retinal-degenerated mice.(4) Soon thereafter, Foster et al. demonstrated that
mice with severely degenerated classical photoreceptors exhibited normal circadian clock
resetting by light.(5) These studies suggested that the retina contained a then-unidentified,
novel class of photoreceptor. In 2002, Berson et al. identified the ipRGCs and demonstrated
that they had a peak spectral sensitivity close to 484 nm, suggesting that melanopsin was the
photopigment driving the ipRGCs’ photosensitivity.(6, 7)

Although ipRGCs are central to circadian phototransduction, the classical photoreceptors
(i.e., rods and cones) also contribute to this response, as shown in studies using rodents.(8)
Melanopsin-deficient mice, for example, can still be entrained to light—dark cycles and are
still able to show a phase shifting response to bright white light, although these responses are
attenuated by approximately 40 %.(9) Melanopsin-knockout mice, moreover, had a 45 %
attenuation in phase shifting response to two higher irradiances of 480 nm light and an even
greater attenuation at a lower irradiance.(10) Hattar et al. showed that genetically
manipulated mice lacking melanopsin, coupled with a rod/cone system that was unable to
signal light, failed to show any pupil light reflex, did not entrain to the light-dark cycle, and
showed no masking effect to light.(8) Collectively, these studies suggest that while ipRGCs
are needed to transmit signals emanating from the retina to the SCN, these signals contain
information from all three classes of photoreceptors.

Several studies have shown that, at a cellular level, the circadian oscillations existing in most
human cells result from a small group of clock genes inside the cell nuclei that create
interlocked transcriptional and post-translational feedback loops.(1, 11-13) These cellular
oscillators are synchronized to the master clock located in the SCN. Neural and hormonal
stimuli transmit time information from the master clock to these peripheral clocks. In order
to accomplish this, the SCN project to neuronal targets such as the endocrine neurons (i.e.,
the autonomic neurons of the paraventricular nucleus [PVVN] of the hypothalamus and the
sub-paraventricular zone of the hypothalamus). The SCN control the release of melatonin
through the autonomic nervous system of the PVN. Melatonin is a hormone produced by the
pineal gland at night and under conditions of darkness, thus its nickname of “the darkness
hormone.”(14) Given its close interaction with the SCN, melatonin is believed to be a timing
messenger, providing the entire body with information about time of day and seasons of the
year (i.e., photoperiods). Light at night (LAN) will acutely suppress melatonin and can
change the timing of melatonin synthesis. Since melatonin is believed to act as the main
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internal synchronizer of the peripheral clocks with the SCN, and the main synchronizer of
information from the master clock between the peripheral clocks, suppression of the
hormone melatonin or a change in the timing of melatonin secretion can lead to circadian
disruption.

Maintaining the sequential and phase-relation ordering of the various circadian rhythms,
from the molecular level to the behavioral level, is crucial for coordinated function
throughout the human body. A person whose rhythms are synchronized to diurnal activity by
the light—dark cycle and social activities must undergo phase readjustment when forced to
adapt to a new light—dark cycle (or sleep—wake cycle in the case of night-shift workers). The
SCN and peripheral clocks will eventually readapt to the new light—dark cycle, but several
days are required to accomplish a complete phase shift. More importantly, the time required
for each of the different peripheral clocks to re-entrain to the new light—dark cycle is
variable, as some clock genes respond faster to the changes than others.(15) As a result, an
internal desynchronization occurs between the SCN, which more quickly readjust to the new
light—dark cycle, and the peripheral clocks. At the same time, a desynchronization also
occurs between the various peripheral clocks. This internal desynchronization (or circadian
disruption) affects the entire body, including sleep, alertness, digestion, and physical
performance. This internal desynchronization is also believed to affect cell metabolism and
proliferation, and has been shown to be associated with increased cancer risks. (16)

Circadian disruption and LAN

It has been postulated that electric LAN acts as an endocrine disruptor, either by acutely
suppressing the hormone melatonin or by inducing circadian disruption, and therefore is
linked to increased incidence of diseases in modern society. In fact, animal studies
performed to date strongly suggest that both acute melatonin suppression by LAN and
circadian disruption resulting from irregular light—dark patterns are associated with an
increased rate of tumor growth and increased mortality.(17-20)

Shift work is used as a surrogate for overexposure to LAN resulting in melatonin
suppression or circadian disruption. Indeed, a large number of epidemiological studies
suggest an association between working rotating night shifts for 20-30 years and cancer
risks, especially for breast and colorectal cancer. Notably, however, a few studies have failed
to confirm this association (reviewed in Kolstad and Kamdar et al.(21, 22)). Given the
limited human evidence, in combination with sufficient evidence gathered from
experimental animals, in 2007 the International Agency for Research on Cancer (IARC)
classified “shift work that involves circadian disruption” as a probable human carcinogen,
Group 2A. (23) It should be noted that since the release of the IARC’s report in 2007,
additional published studies have added support to an epidemiological link between shift
work and cancer risks. (24-29)

Another mounting concern in contemporary society is that the use of self-luminous displays
in the evening might be affecting melatonin levels, and consequently, sleep quantity and
quality. Gradisar et al. showed that nine out of 10 survey participants reported using a
technological device in the hour prior to bedtime.(30) While televisions were the most
popular devices, the researchers also found that individuals under 30 years of age were more
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likely to use cellular phones than were those over 30 years of age. Not surprisingly, young
adults, especially those who reported using interactive technological devices (e.g., cellular
phones, tablets, video games), reported having significantly later sleep patterns, greater
difficulty falling asleep, and less “refreshing” sleep. These results are consistent with recent
studies showing that the use of self-luminous displays prior to bedtime can acutely suppress
melatonin production, delay sleep onset, and decrease sleep duration, especially in young
adults and adolescents.(31-34) As discussed below, however, one’s photic history (i.e., prior
light exposures) also must be taken into account when determining whether light will have a
detrimental effect on sleep. Rangtell et al. demonstrated, for example, that participants who
used tablets during the evening and were exposed to >500 lux at the eye of white light for
6.5 hours during the daytime experienced effects that were not significantly different from
the effects of reading a physical book.(35) Specifically, the participants’ evening use of
tablets did not suppress melatonin, nor did it affect sleep quality and quantity.

Despite growing support of the notion that LAN is an endocrine disruptor, the research to
date has not firmly established direct links between LAN, acute melatonin suppression or
circadian disruption, and risks for disease (especially cancer in shift workers). The main goal
of this review is to discuss several key points to address and explain why such links have not
been established.

Light stimulus must be specified

There are five important characteristics of light for both the human visual and circadian
systems: quantity, spectrum, timing, duration, and distribution. However, the ideal
characteristics for vision are quite different from those that are most effective for the
circadian system.(36, 37) Briefly, the quantity of polychromatic (white) light that is required
to activate the circadian system is significantly greater than that which is required to activate
the visual system (measured through acute melatonin suppression or phase shift of the dim
light melatonin onset [DLMOQOY]). The spectral sensitivity of the circadian system, again
measured as acute melatonin suppression, peaks at short wavelengths (i.e., close to 460 nm),
(38, 39) while the visual system is most sensitive to the middle-wavelength portion of the
visible spectrum.(39) The photopic luminous efficiency function (V(\)) is used as part of
the fundamental definition of light to convert radiometric quantities to photometric
quantities.(40) Although the V() function, with a peak spectral response at 555 nm, is
nearly universally used to characterize and measure all visually effective optical radiation, it
is actually based upon the spectral sensitivity of the foveal cones (i.e., long- and middle-
wavelength cones) in the central 2-degree visual field.

As described above, all classes of photoreceptors contribute to circadian phototransduction.
All other spectral response functions, including those of the circadian system, are not
formally recognized, so there is no official definition of light as it might impact the circadian
system. In 2014, Lucas et al. proposed a toolbox that would allow researchers to report the
effective irradiance experienced by each of the rod, cone, and ipRGCs photoreceptors
involved in non-visual responses. (41) While this toolbox is helpful for equating the
stimulus—response relationships employed in different studies, as well as for relating
research findings to lighting conditions in the field, it provides no indication of the circadian
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system’s response to light stimulus. In other words, reporting how light stimulus excites
ipRGC photoreceptors, though useful for researchers, does not provide any insight into how
that stimulus will suppress production of the hormone melatonin.

In 2005, however, Rea et al. proposed a mathematical model of human circadian
phototransduction (42, 43) based on fundamental knowledge of retinal neurophysiology and
neuroanatomy and on published action spectrum data for acute melatonin suppression.(38,
39) Using this model, the density of light measured at the cornea is converted into circadian
light (CLa), which is comparable to conventional photopic illuminance (i.e., the amount of
luminous flux incident upon a given surface) but weighted by the spectral sensitivity of the
human circadian system as measured by acute melatonin suppression after a 1-hour
exposure. The CLa value can then be used to determine circadian stimulus (CS), which
reflects the effectiveness of the spectrally weighted density of light incident at the eye from
no suppression, or threshold (CS = 0.1), to saturation (CS = 0.7). Therefore, unlike the
toolbox proposed by Lucas et al., the mathematical model proposed by Rea et al. allows
researchers to predict the response of one outcome of the circadian system, namely, acute
melatonin suppression, after 1-hour exposure to a specific light level and light spectrum.
(41-43) Figure 1 shows the modeled spectral sensitivity of the human circadian system at a
light level (300 scotopic lux at the cornea) needed to determine CL 4 at that light level, and
Figure 2 shows the absolute sensitivity of the human circadian system plotted as a function
of CLa. For reference, corresponding values for photopic illuminance, CLa, and CS for two
common light sources (incandescent and daylight) are shown in Figure 2.

Light stimulus is not, however, only about absolute and spectral sensitivities. Timing also
matters. Operation of the visual system does not depend significantly on the timing of light
exposure; it responds well to a light stimulus at any time of the day or night. Depending on
the timing of the exposure, light can phase advance or phase delay the biological clock.(44)
Thus, the same light stimulus may be beneficial when given at one time of day and
detrimental when given at another time of day.

In addition, while the visual system responds to a light stimulus very quickly (< 1 second),
the duration of light exposure that is required to affect the circadian system can take much
longer. To achieve measurable melatonin suppression from exposure to a moderate amount
of light in young adults, for example, the required duration of light exposure is at least 5-10
minutes. (45,46) Recent studies have shown that the circadian system will respond to brief
flashes of light, as long as those flashes are delivered continuously for at least 1 hour. (47,
48)

For the visual system, spatial light distribution is critical (e.g., when reading black letters on
white paper), while the circadian system does not respond to spatial patterns. One study
showed that light reaching the lower retina is more effective at suppressing melatonin than
light reaching the upper retina, (49) while another claims that the nasal part of the retina is
more sensitive to light for the circadian system than the peripheral retina. (50) Regardless, it
is the total light exposure reaching the retina that is effective for eliciting a circadian
response.
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The short-term history of light exposure affects the sensitivity of the circadian system to
light. For example, the higher the exposure to light during the day (e.g., 4 hours per day for 1
week of exposure to outdoor light), the lower the sensitivity of the circadian system to LAN
(as measured by nocturnal melatonin suppression). (51) Recently, Figueiro showed that for a
lighting intervention that is designed to either phase advance or phase delay the circadian
system, phase shifting predictions can only be made if the total light exposures during
waking hours—not just those from the lighting intervention—are taken into consideration.
(52)

When specifying the stimulus, it is necessary to account for all of the lighting characteristics
discussed above; in other words, the dose (i.e., quantity, spectrum, timing, duration) must be
specified. Wood et al. (31) showed that a 1-hour exposure to iPads did not significantly
suppress melatonin, but a 2-hour exposure did (i.e., an average 3 % suppression was
observed after a 1-hour exposure and an average 23 % suppression was observed after a 2-
hour exposure). Age also appears to matter in this regard. Recently, Figueiro and Overington
showed that for the same circadian stimulus, teenagers (aged 15-17 years) suppressed more
melatonin after exposure to self-luminous displays (on average 25 % after a 1-hour
exposure) than did middle-aged adults and college students (on average 3 % after a 1-hour
exposure). (53) These results are consistent with the findings of Crowley et al., who also
showed that pre-pubertal children are more sensitive to evening light for melatonin
suppression than post-pubertal adolescents. (54) This increase in sensitivity to light
combined with increasing use of self-luminous displays in the evening may have long-term
consequences, given that early-life environmental exposures may affect behavior and
physiology in adulthood. (55)

In summary, when determining whether a lighting system is effective at activating the
circadian system, the amount, spectrum, timing, duration, and total light exposure (or photic
history) must be specified.

Species-specific spectral and absolute sensitivities to light must be

To date, many of the studies relating LAN and health risks have used nocturnal rodents.
(56-58) One important point to keep in mind, however, is that the spectral and absolute
sensitivities to light are species-specific. Animal work, therefore, can be only be translated
to human models once these spectral and absolute sensitivities to light are taken into
account.

In terms of absolute sensitivities, Figure 3, which is based on the review of circadian
responses to light by Bullough et al., shows that there is a very large difference in the
absolute sensitivities of the circadian systems of nocturnal rodents and humans. (59) The
ratio for the thresholds for melatonin suppression and for circadian phase shifting in
nocturnal rodents and in humans is between 3,000:1 and 10,000:1, both for polychromatic
white light and narrow-band spectra light presented near the respective peaks of their
spectral sensitivities. It should be noted that while diurnal rodents are similarly sensitive to
light as humans, these species are rarely used as models for studies investigating the negative
effects of LAN on health.

Curr Sleep Med Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Figueiro

Key point 3:

Page 7

The differences between the absolute sensitivities of rodents and humans may be even
greater than indicated in Figure 3 because it is common to measure irradiance on the floors
of cages where the animals are housed, while human studies report measured (vertical)
irradiances at the subjects’ eyes. Vertical illuminances at human eye level tend to be about
1/3 to 1/5 the magnitude of the horizontal illuminances on work surfaces reported and
recommended for buildings. (36, 60) Therefore, it is not unreasonable to suppose that there
can be an absolute sensitivity ratio even greater than 10,000:1 between species, as it relates
to their respective living environments.

In terms of spectral sensitivity, it is known from previous studies that the mouse retina
contains rods, two cone types (i.e., a UV-cone peaking close to 365 nm, and an M-cone
peaking close to 510 nm), (61) and ipRGCs (peaking close to 480 nm). (6) The overall peak
spectral sensitivity for phase shifting of wheel running activity is close to 500 nm in mice,
(59) while the spectral sensitivity of the human circadian system, as measured by acute
melatonin suppression and phase shifting of DLMO, is close to 460 nm. (38, 39, 62)

Moreover, in addition to spectral and absolute sensitivities, the duration of light exposure
that is needed to elicit a criterion circadian response (e.g., nocturnal melatonin suppression)
differs markedly between nocturnal rodents and humans; the time course of melatonin
suppression is much faster in rodents than in humans. (46, 63-65) It is imperative, therefore,
that light stimulus from studies employing nocturnal animals be scaled to better represent
the spectral and absolute sensitivities of the human circadian system before translating the
findings of those studies from nocturnal animals to humans.

Light stimulus must be measured with calibrated instruments

Epidemiological studies have shown a statistical association between LAN, as characterized
by satellite photometry or self-reports of room brightness, and breast cancer incidence.
(66-69) It is important, however, that the characteristics of photometric measurement of
LAN be related to the operational characteristics of the circadian system (described above).
The photopic luminous efficiency function, V(A.), which most commercially available
photometers employ, does not represent the spectral response of the human circadian system,
which is maximally sensitive to short wavelengths (i.e., blue light). (39, 42, 70-72)

Underscoring the importance of using calibrated measurements of LAN, especially when
attempting to use satellite photometry as a surrogate exposure to LAN, Figure 4 shows the
spectral sensitivity of the human circadian system for narrow-band spectra based on data
from Brainard et al. (38) and Thapan et al. (39) The peak spectral sensitivity of the human
circadian system as measured by acute melatonin suppression is approximately 460 nm, with
limited sensitivity at long wavelengths (>580 nm), where the human visual system (as
measured by visual acuity) is still very sensitive. Given that some of the epidemiological
studies used the photometric values derived from U.S. Air Force Defense Meteorological
Satellite Program Operation Linescan System (DMSP-OLS) images to characterize LAN,
and related those to breast cancer incidence (66-69), Figure 4 also shows the spectral
response characteristics of the photomultiplier tube (PMT) used by the U.S. Air Force. This
spectral response function is based upon what is termed the F16 response characteristic, (73)
which extends from about 500 nm into the invisible, infrared region of the electromagnetic
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spectrum and is typical of those from earlier satellite PMTs (F12, F14, and F15). To more
closely match sensitivity range of the PMT to the visible portion of the electromagnetic
spectrum, an astronomical V-band filter (74) is commonly used with raw satellite PMT data.
This filter provides photometric values more comparable to those based upon V(A), the
spectral weighting function used in commercial photometry. As illustrated in Figure 4, the
V-band spectral weighting function matches the V() response closely. As can also be seen
in Figure 4, photometric measurements based upon: (1) the (L), (2) the V-band filter, and
certainly (3) the raw PMT data will not accurately characterize the effectiveness of optical
radiation incident on the human retina for circadian system stimulation, which peaks at short
wavelengths.

In terms of measuring exposure to LAN in shift workers and how it may affect melatonin
levels, only a few studies to date have measured light exposure and melatonin levels in the
field. As reviewed by Hunter and Figueiro, three studies conducted in real-world settings
showed that light levels at work were below what is known to be required for the activation
of the circadian system (< 80 lux). (76-80) Despite the low light levels, even after
controlling for potential confounders, night-shift workers had lower melatonin (or its
metabolite) concentrations than day-shift workers, and their peak levels tended to occur later
than in day-shift workers. Moreover, the greater the number of consecutive nights worked,
the greater the reduction in melatonin concentrations. These results suggest that LAN
experienced by shift workers may not be acutely suppressing melatonin. Instead, the data
suggest that misalignment of circadian rhythms may lead to the observed lower overall
melatonin amplitude, in turn suggesting that circadian disruption may be the underlying
cause for the observed health risks associated with shift work.

These poorly resolved, conflicting results point to an immediate need for commercializing
light meters and developing measuring tools that are calibrated to measure circadian-
effective light. Field data of circadian light exposures will further our knowledge and help
scientists forge the direct link between LAN and health risks. Shift work doubtlessly results
in circadian disruption and is associated with health risks, but the direct link between LAN
and health risks will not be established until more scientific rigor is applied to the
specification and measurement of the light stimulus.

Daytime light exposures must also be considered

Light and dark are the primary regulators of circadian rhythms, and light—dark exposures
differ quantitatively between societies and eras. A century ago, prior to the widespread use
of electric lighting, people in the United States were exposed to very bright days and very
dark nights. This is probably true today only for those who live in agrarian societies or
perform some form of outdoor work. With increasing frequency, however, people throughout
the world are living in urban or suburban built environments and, in terms of circadian
regulation, are likely to experience extended dim days and nights.

In fact, data obtained using an instrument designed to measure both conventional photopic
illuminance and circadian light exposure at the eye throughout the waking day showed that
people working inside the built environment experience much lower light levels compared to
those living in an agrarian society. (81, 82) People working indoors are exposed to dim,
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extended and aperiodic circadian light, whereas those working outdoors are likely to be
exposed to a robust light—dark cycle that is ideal for regulating the circadian system. These
differences are probably even more pronounced during winter, when the duration of daylight
becomes shorter. The disruption of the circadian cycle by dim, extended, aperiodic light
exposure that is now probably experienced by most people in modern societies may very
well have a direct influence on diseases associated with circadian disruption.

Boubekri et al. showed that people working in offices without access to windows reported
poorer sleep quality, shorter sleep duration, and more-frequent sleep disturbances as
assessed by self-reports and actigraphy recordings. (83) Recently, Figueiro et al. also
showed that compared to receiving low levels of circadian-effective light in the morning,
office workers receiving high levels of circadian-effective light in the morning experienced
reduced sleep onset latency (especially in winter months), increased measures of circadian
entrainment (phasor magnitude), and improved measures of sleep quality and mood. (84)
While much of the discussion about light as an endocrine disruptor has centered on exposure
to LAN, these recent studies underscore the importance of daytime light exposure for
affecting circadian entrainment and nighttime sleep.

Conclusions

The importance of the connection between LAN, circadian disruption, and health risks will
undoubtedly motivate researchers conducting future longitudinal studies of circadian
disruption to devise better protocols for measuring and specifying LAN exposure. One key
point which needs to be considered is that personal light exposures should be measured
using calibrated devices that measure light as it affects the circadian system rather than the
visual system (photopic light). Although in practical terms it is unlikely that those suffering
from circadian disruption (e.g., shift workers) could wear calibrated light meters for long
periods, studies nonetheless could be designed to sample light conditions and measure
circadian entrainment at significant mileposts. This approach would permit more accurate
extrapolation of circadian disruption’s effects on health outcomes. Another alternative would
be for researchers to calibrate subjective scales using personal, calibrated sensors in a
smaller group of subjects prior to administering questionnaires to a larger group of people.
This approach would certainly help epidemiologists and would allow for larger data sets to
be collected.

Clearly, a more sophisticated understanding of the influences of light and dark on circadian
entrainment and disruption must be encouraged to emerge. There is now clear evidence that
a strong light—dark cycle robustly drives circadian rhythms at the behavioral and at the
cellular levels. (85) It is likely that people living in industrialized societies, however, do not
experience a strong light—dark cycle and instead receive too little light during the day and
too much light in the evening. The better we understand and control the stimulus, the more
likely we are to understand the health effects of light-induced circadian disruption. We
cannot move into what Turek calls “the new frontier for medicine: circadian medicine”
without first being able to measure and specify circadian-effective light. (1)
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Figure 1.

The modeled spectral sensitivity of the human circadian system to narrowband light sources
(dashed line) at a corneal illuminance of 300 scotopic lux; data points are the relative
nocturnal melatonin suppression values published by Brainard et al. (open diamonds) and by
Thapan et al. (open squares). [38, 39] Also shown are the modeled spectral sensitivity
functions for two types of broad-band, polychromatic light sources, warm (solid gray line)
and cool (solid black line). When a light source causes the blue versus yellow spectral
opponent channel (b-y) to signal “yellow” (i.e., for a warm light source), the spectral
sensitivity is defined in terms of the photopigment melanopsin. When the b-y channel
signals “blue” (i.e., for a cool light source), the spectral sensitivity is defined in terms of
melanopsin plus the short-wavelength sensitivity (S)-cone. Adapted from Chronobiology
International.
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Figure 2.
The modeled absolute sensitivity of the human circadian system based upon nocturnal

melatonin suppression. Circadian stimulus (CS) (right ordinate) is directly proportional to
measured nocturnal melatonin suppression (left ordinate), and both measures are plotted as a
function of CL 4, the corneal illuminance weighted by the spectral sensitivity functions in
Fig. 1. Shown for reference are the ranges of indoor and outdoor light levels found in actual
applications together with several daylight (dashed arrows) and incandescent (dotted arrows)
corneal (photopic) illuminance levels. Note that for the same photopic illuminance, the
daylight spectrum has a higher value of CS than the incandescent spectrum because daylight
has relatively more shortwavelength energy to which the human circadian system is
maximally sensitive. Adapted from Chronobiology International.
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Figure 3.

Relative visual performance (RVP, which is a measure of visual acuity) and estimated
melatonin suppression after 1-hour exposure to 470-nm-peaking (blue) light emitting diode
(LED) and fluorescent light sources (at three nominal correlated color temperatures, or
CCTs) compared to the estimated phase shifting response in mice after a 30-minute light
pulse as a function of photopic illuminance at the eye. The sensitivity of the nocturnal rodent
circadian system is much greater than the human circadian system. It should be noted that a
7500 K CCT emits more short-wavelength content than a 3000 K light source, and is
therefore, more effective at activating the circadian system. CCT is not, however, a good
metric to compare effectiveness of various light sources for the circadian system and users
should ask for the spectral power distribution of the light source rather than simply the CCT
values. Photopic illuminance at the eye is shown because it is used by many researchers and
end users.
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Figure 4.
Spectral response characteristics relevant to the discussion of LAN. V(\), shown with the

dashed line, is the photopic luminous efficiency curve used in commercial photometry,
closely mimicking the spectral sensitivity of the human fovea. The data points from Brainard
et al. and Thapan et al. represent the spectral sensitivity of the human circadian system to
narrowband spectra measured in terms of their effectiveness to each suppress the synthesis
of melatonin at night. (38,39) The solid line represents the predictions from Rea et al. for the
spectral sensitivity of the human circadian system to these narrow band spectra. (42) The
spectral sensitivity of the satellite PMT currently used in the DMSP-OLS (F16) and those
data filtered with an astronomical V-band filter (74) are shown as dot-dashed and dotted
lines, respectively. The maximum value from all spectral response characteristics has been
normalized to unity. Used with permission from Chronobiology International [75]
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